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Abstract 
Today’s supply chains are challenged by volatile customer demand. Demand for a wider product choice, shortened product lifecycle and expected 
high availability add to the already complex, dynamic and uncertain business environment. Operating under such conditions poses difficulties to 
a company to uphold their supply chain’s performance. Flexibility is required to be able to adapt to unanticipated changes in supply or demand 
and to diminish their repercussions. Miscellaneous flexibility measures, e.g. safety stocks or flexible capacities, are widespread used to 
compensate demand fluctuations. The selected measures’ parameters, e.g. range of flexible capacity, must be configured ahead of the 
implementation in practice. The flexibility parameters determine the scope of action a flexibility measure enables. This paper seeks to address 
conceptually the issue of setting robust flexibility parameters using a simulation-based optimization approach. Genetic Algorithm and Particle 
Swarm Optimization are used in a distributed island approach to optimize the flexibility parameters. 
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1. Motivation and problem statement 
Today’s supply chains are challenged by volatile customer 
demand. Demand for a wider product choice, shortened 
product lifecycle and expected high availability add to the 
already complex, dynamic and uncertain business 
environment. Operating under such conditions poses 
difficulties to a company to uphold their supply chain’s 
performance [1]. 
Flexibility is required to be able to adapt to unanticipated 
changes in supply or demand and to diminish their 
repercussions. Miscellaneous flexibility measures, e.g. safety 
stocks or flexible capacities, are widespread used to 
compensate demand fluctuations. The application of flexibility 
measures has beneficial effects on the supply chain’s 
performance, which has already been shown in the literature 
(Godsell et al. 2011, Pfeiffer et al. 2012). 
Flexibility management denotes the process to select 
appropriate flexibility measures for a supply chain. The 
company’s goals, the specific cause for the need for flexibility 
and the operational setting determine the set of applicable 
flexibility measures. The selected measures’ parameters, e.g. 
range of flexible capacity, must be configured ahead of the 
implementation in practice. The flexibility parameters 
determine the scope of action that a flexibility measure enables. 
Introduction, setup and utilization of flexibility measures are 
linked to varying times, costs and additional capacities, which 
have to be incorporated in the decisions when to introduce and 
when to use a flexibility measure. To find the optimal balance 
between benefits from flexibility and costs for introducing and 
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holding flexibility potentials is subject to flexibility 
management.  
Volatile customer demand is a cause for the need for 
flexibility and it poses difficulties in choosing the right 
parameters for flexibility measures. Supply chain flexibility is 
defined as “the ability of a supply chain to change its structures, 
processes, resources, and steering mechanisms in the bounds of 
a given scope of action (given flexibility potentials)” (Pfeiffer 
et. el 2013). The chosen flexibility parameters determine these 
bounds and therefore the ability to adapt to changes. Setting 
these to values, which provide a flexibility configuration that is 
robust against uncertain demand, is crucial in flexibility 
management. 
The notion of optimizing the parameters of a flexibility 
measure is currently not widely spread. Common approaches 
define the parameters beforehand and introduce them directly 
into the flexibility planning method as given (Hegmanns 2010, 
Pfeiffer et al. 2013). The parameters of a flexibility measure 
may be fixed due to technical or contractual requirements and 
can therefore only be incorporated into the flexibility planning 
as is. This assumption holds on first sight for a number of 
flexibility measures. For the other flexibility measures, an 
optimization is recommended to define optimal parameters, 
e.g. for defining the minimal or maximal production and 
transportation lot sizes or the safety stocks. Even the technical 
and contractual requirements can be relaxed in order to 
calculate the tradeoff for renegotiations of flexible supplier 
capacities or machine acquisitions beforehand. 
Since flexibility measures are introduced and applied in an 
uncertain environment, these conditions have to be 
incorporated at first into the selection and parameterization and 
then, in the planning of flexibility measures. The anticipation 
of uncertain events, which might trigger a need for flexibility 
potential, is necessary since the initial setup time of a flexibility 
measure has to be considered before the beneficial effects of a 
flexibility potential can be used. As this decision has to be made 
before the uncertain event takes place, the size of the 
uncertainty can only be estimated. To be able to select 
flexibility parameters that provide enough flexibility potential, 
even if the size of expected uncertainty is underestimated, is 
the goal of setting robust flexibility parameters. The resulting 
flexibility should suffice to deal with the realizing uncertainties 
in such a way that the overall flexibility configuration itself 
does not need to be changed. 
This paper seeks to address the issue of setting robust 
parameters for supply chain flexibility measures in 
conceptualizing a distributed simulation-based optimization 
approach. Section 2 provides a theoretical basis regarding 
supply chain flexibility, the characterization and planning of 
flexibility measures and the simulation-based optimization. In 
this context we argue why simulation-based optimization is a 
suitable tool for addressing the problem at hand. The concept 
for our method of selecting robust flexibility parameters using 
simulation-based optimization is presented in section 3. 
Section 4 provides a description of the proof-of-concept 
implementation of the simulation-based optimization 
approach. Section 5 concludes with an evaluation of the 
development results and an outlook on possible future research 
in this context. 
2. Theoretical Basis 
2.1. Characterization of Supply Chain Flexibility Measures 
The literature recognizes a large variety of flexibility types 
and dimensions, e.g. lead time, product mix or routing 
flexibility (More and Babu 2008).  
Furthermore, there are different objectives and scopes 
related to flexibility types. Firstly, flexibility can be achieved 
with regard to certain targets, such as the adaption of volumes 
of products produced. Secondly, flexibility can relate to certain 
areas of the supply chain. Former ones are named target 
flexibilities and the latter ones flexibility dimensions. (Pfeiffer 
et al. 2012) 
Target flexibilities follow certain objectives regarding a 
supply chain’s performance. Typical target flexibilities are 
volume flexibility, new product flexibility, product flexibility 
and lead time flexibility. These are often found in the literature; 
but do not represent a complete list of target flexibilities. The 
application of a flexibility measure affects potentially one or 
several target flexibilities. The flexibility dimension describes 
which constituents of the supply chain are affected by a 
flexibility measure. 
Existing work on the conceptualization and measurement of 
supply chain flexibility has shown that flexibility range, time, 
and costs are the most important characteristics needed for a 
meaningful description of flexibility (Pfeiffer and Hellingrath 
2011). The range corresponds to the question of what is 
changed and to which extent. It may denominate a capability, 
capacity, or behaviour, or even a parameter of the 
aforementioned, which belongs to a supply chain’s resources, 
structures, processes, or steering mechanisms. The extent of 
change is restricted within certain bounds, which define the 
scope of action. Regarding the time dimension, a distinction is 
to be made between the time needed for the setup of a flexibility 
measure and its effective use (cf. Aprile et al. 2005). While the 
flexibility potential is created in the long term, it is utilized in 
the medium or short term by the modification of supply, 
production, and distribution plans in order to cope with 
variability in demand volume and mix. 
Similarly, the costs of a flexibility measure are distinguished 
into the costs for its setup and its utilization. For instance, 
quantity- or time-flexible contracts for the flexible sourcing of 
goods are measures where character and amount of costs due 
to their setup and utilization differ. While the setup may require 
high negotiation efforts, the utilization typically comes along 
with penalty payments for purchase quantities differing from 
forecasts or generally higher prices per item purchased. In 
general, the flexibility costs need to be practicable as well as 
reasonable when compared to the expected benefits. 
2.2. Selection of Supply Chain Flexibility Measures 
To select the appropriate flexibility measures for a given 
supply chain, we present here an adapted version from (Pfeiffer 
et al. 2013) of the three step process without the constriction on 
selected supply chain segments (Figure 1).  
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In the first step, the flexibility objectives are defined, 
including, for example, which target flexibilities (e.g. volume 
flexibility) to improve. Additionally, performance indicators, 
which allow for controlling how well the objectives are 
achieved, are selected. Defining the objectives and 
performance indicators depends on the supply chain situation 
under analysis and can only be performed case-specifically. 
However, we do not provide a method, which supports 
determining the flexibility objectives and performance 
indicators, but refer to existing literature on flexibility 
management instead (Hocke 2004, Schorr 2008, Singer 2012). 
In the second step, the set of available flexibility measures, 
however, is assumed to be known in advance. The rule-based 
procedure first detects all flexibility measures that are not 
applicable in the supply chain or not beneficial regarding the 
flexibility objectives. The selection is rule-based and builds on, 
for example, limits concerning the implementation lead time. 
The measures’ attributes and relations needs to be assessed in 
advance but vary from case to case and can therefore not be 
generally defined. Relevant flexibility measures are in general 
measures available in literature, but may also include best 
practices specific to the company applying this approach. 
In the third step, the remaining flexibility measures need to 
be evaluated. There are several aspects to take into account. 
First, the costs of flexibility have to be balanced with the 
expected benefits. Flexibility measures have to be selected for 
each segment, and the supply chain wide benefits as well as 
time and costs needed for the implementation have to be 
appraised. Unfortunately, their exact calculation is sometimes 
difficult (Pibernik 2003). 
There can also be interdependencies between flexibility 
measures. In some settings, several flexibility measures can or 
should be used together to jointly improve flexibility. Gosling 
et al. (2010) describe a scenario in which different flexibility 
measures that seem to be opposed to each other at first glance 
are jointly used to enhance flexibility in procurement. On the 
contrary, some flexibility measures can hardly be applied 
simultaneously. 
We suggest using discrete event simulation (DES) to cope 
with these issues. DES allows for the modeling of a supply 
chain’s dynamic planning and operational processes as well as 
their complex interdependencies. It is well suited to perform a 
case-specific analysis in order to compare the (conjoint) 
application of flexibility measures to particular product-
customer-segments while incorporating uncertainties. By 
running multiple experiments, the balancing of flexibility costs 
and benefits can be investigated and the behavior of cost and 
performance metrics with reference to the flexibility measures 
applied can be examined. 
Simulation-based optimization is a method to determine 
optimal parameters for a simulation model. The simulation is 
used or incorporated into an objective function, which 
determines the value of a parameter combination.  It is as a two-
stage method with the interaction of an optimization and 
simulation package. In each iteration, the optimization package 
calculates a set of simulation parameters that are evaluated 
subsequently by the simulation (Fu 2002). Based on the 
feedback, the next set of parameters is computed. One or more 
stopping criteria are constantly checked and, if satisfied, the 
optimization is stopped. 
The simulation parameters define the search space. The 
simulation maps a parameter combination to an according point 
in the space of objective values. The optimization method 
should ensure the exploration and exploitation to find ideally 
the global optimum. Due to the complexity and often 
randomness of the simulation evaluation optimality is often not 
guaranteed. Good solutions are sufficient in a larger number of 
cases. 
We focus on metaheuristics as in our previous work 
(Laroque et al. 2012), specifically Genetic Algorithms (GA) 
(Russell and Norvig 2009) and Particle Swarm Optimization 
(PSO) (Kennedy and Eberhart 1995). Both methods work 
generically without knowledge of the underlying problem, 
making them universally applicable using standard 
implementations. Each simulation parameter combination is 
mapped to an individual or particle of these population based 
algorithms. Advantages of both methods (fast convergence, 
broad search area) can easily be transferred to the simulation 
optimization problem. Both have been successfully applied to 
simulation-based optimization in a supply chain context 
(Arisha 2010) and implementations are available in various 
open software libraries such as ECJ (Luke 2013). 
3. Approach for the selection of robust flexibility 
parameters 
This paper proposes an approach for the selection of 
parameters for flexibility measures using distributed 
evolutionary metaheuristics with a simulation model of a 
supply chain as fitness function. In this concept, we present first 
our approach for selecting the parameters to be optimized, the 
integration of simulation evaluation and optimization and then 
the concept of the distributed evolutionary computing method. 
Figure 1: Process for the selection and parametrization of flexibility measures 
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3.1. Robust Optimization of Flexibility Parameters 
The problem at hand is to select robust values for parameters 
of flexibility measures. This step has to be integrated in the 
second step of the in section 2.2 presented process for the 
selection of flexibility measures. Based on the flexibility 
objectives of a company, the rule-based procedure selects 
applicable flexibility measures. Until now, the process took the 
flexibility measures and the assigned parameters as given. The 
optimization in this is not possible, if all parameters for the 
selected flexibility measures are fixed due to technical or 
contractual requirements. If not, the optimization can take 
place. 
The optimization is performed with the modifiable 
flexibility parameters as variables. The respective lower and 
upper bounds of the variables are considered by the used 
metaheuristics PSO and GA. Depending on the range and type 
of variables, the variable vector can be real, integer or mixed 
integer. For guidelines of how to select appropriate movement 
operators, genome encoding, evolution strategies and 
parameters for the metaheuristics we refer to (Talbi 2009) and 
(Luke 2013). 
For the evaluation of the fitness function, we propose a DES 
to include the supply chain’s complex dynamics, 
interdependencies and uncertainties. The simulation approach 
is build up on the work in (Pfeiffer et al. 2013) and consists of 
three phases: the analysis and modeling phase, the 
implementation phase, and the experimentation phase. During 
the analysis and modeling phase, the conceptual models are 
developed through an analysis of the problem entity. They 
describe the supply chain structures and planning as well as 
operational processes, formally specify production and 
inventory algorithms, and define flexibility metrics. In the 
implementation phase, the conceptual models are converted 
into the corresponding simulation models. We implement the 
simulation models using the software package “AnyLogic” 
(AnyLogic 2014). Finally, we obtain inferences about the 
problem entity by conducting experiment runs of the 
simulation models in the experimentation phase. The 
simulation models are first run with default parameters as used 
by the industrial partner. Thus, key performance indicators 
concerning the actual operations can be measured with the help 
of historical data that was provided. 
For every evaluation of the fitness function, the simulation 
model is initialized with the variables vector generated by the 
metaheuristic. The variables are mapped to the flexibility 
parameters in simulation model. A consistency check for 
incompatible parameter combinations can be carried out to 
ensure the adherence to constraints imposed by the flexibility 
Figure 2: Overview of the distributed island metaheuristic approach (Laroque et al. 2012) 
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measures. Invalid parameter combinations are penalized with a 
high fitness value. 
In the following, the simulation experiments for this 
individual are performed. If uncertainties, e.g. volatile 
customer demand, are incorporated in the simulation model, 
multiple replications are executed to achieve a reliable mean 
value for the performance measures. The performance 
measures are reported to the metaheuristic as fitness value. 
Dependent on the case at hand, several performance measures 
or a combination there of can serve as fitness value. These are 
defined in the first step of the process to select flexibility 
measures and are based on the pursued flexibility objectives. In 
the supply chain context, these is often a measure for the 
delivery reliability and total operations costs. 
3.2. Distributed Evolutionary Computing 
In simulation-based optimization methods often the run time 
to evaluate a parameter combination is excessively long. Even 
more computation time is needed if multiple replications have 
to be performed if randomness is incorporated. A faster 
evaluation of parameter combinations is needed to optimize 
complex simulation models. The solution finding process 
should be fast with regard to find good solutions. 
In our approach, a distributed islands approach with 
(a)synchronous cooperative evolutionary metaheuristics is 
applied. This concept uses separately working evolutionary 
metaheuristics in a computing grid, which are able to exchange 
solutions in-between generations. Fit individuals are send from 
one metaheuristic to one or multiple others. Receiving islands 
include the new individuals into their population to increase 
diversification and the coverage of the solution space (Luke 
2013). Stagnation and premature convergence in local optima 
is prevented through the incorporation of foreign individuals 
(Figure 2). Each evolutionary metaheuristic has a master/slave 
architecture for the parallel evaluation of individuals to enable 
the parallel evaluation on multiple computers (Laroque et al. 
2012). 
The open software library ECJ (Luke 2013) can be used to 
set up the computation grid and metaheuristics. Since ECJ 
provides all important features and the integration of our 
simulation model is supported through the open Java APIs, we 
plan to implement our approach based on this framework. 
4. Exemplary Application 
A short exemplary application is given in this chapter for the 
presented approach. At first, the scenario at hand is described. 
The definition of the flexibility objectives and selection of the 
flexibility measures in this case is shown next. 
4.1. Scenario introduction 
The enterprise at focus is a producer of premium table-top 
products and packaging solutions for take-away food. 88% of 
their production is made to stock (MTS), i.e. products are 
manufactured against forecast and served to the customer from 
stock, and 12% is made to order (MTO). 
As depicted in Figure 3, the supply network comprises three 
echelons: a paper mill, which is the supplier of raw materials, 
a converting plant and an international distribution center 
(IDC) which is located next to the plant, and regional 
distribution centers (RDCs). Raw materials requested from the 
paper mill are delivered to a raw material warehouse belonging 
to the plant. Regional distribution centers serve final 
customers; however, the IDC can also serve final customers. 
Some seasonal articles are sold for approximately three 
months only. Due to the seasonality, these products are subject 
to high variance in demand especially at the beginning and end 
of a product life cycle. Approximately 25% of the collection is 
replaced each year in response to that and to create new trends. 
Nonetheless, a major business objective is to serve customer 
orders at a delivery reliability of 95%. In a business that is 
characterized by demand fluctuations that are difficult to 
predict, this target makes volume flexibility a major flexibility 
need. 
4.2. Definition of flexibility objectives & selection of flexibility 
measures 
There are two major issues which restrict the supply 
chain’s volume flexibility. Firstly, safety stocks both of raw 
materials and of finished goods can be used to cope with 
sudden demand that is higher than forecasted. In our case, raw 
material stocks are built up at the converting plant, while 
finished goods stocks are kept at the IDC and RDCs. However, 
safety stocks tie up capital and cause storage costs at the 
stocking locations. This is why finding the optimal trade-off 
between the general aim of low stocks on one hand, and desired 
flexibility which can be gained through safety stocks on the 
other hand is a challenge. 
Secondly, a sudden increase in demand of certain products 
can also be handled by a flexible increase of production 
quantities. Flexible production quantities need to be supported 
by small lot sizes and high raw material safety stocks, but allow 
for a decrease in finished goods safety stocks. Therefore, the 
second challenge is to find the optimal balance between volume 
flexibility provided by small production lots in combination 
with sufficiently high raw material safety stocks on one hand, 
and high finished goods safety stocks at the IDC and the RDCs 
on the other hand. 
Considering these challenges, the flexibility objective is to 
gain volume flexibility in this supply chain to ensure a delivery 
reliability of 95% at preferably low costs. This volume 
flexibility must be robust against uncertain demand 
fluctuations. 
Regarding the performance measurement, we restrict our 
analysis to two performance measures: the delivery reliability, 
and the operational costs. With delivery reliability and 
operational costs, we use metrics which are already available 
Figure 3: Supply Chain Structure 
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in most performance measurement systems and thus enable a 
quick implementation, both technically and organizationally, 
without any need for extra information to be gathered. 
4.3. Robust parameter setting for flexibility measures 
Changing the safety stock levels and production lot sizes are 
the two flexibility measures that were selected in our scenario. 
These flexibility measures are good examples of how 
flexibility measures can be parameterized using simulation-
based optimization. The production lot-sizes and safety stock 
levels are mapped to the solution vector of the individuals of 
the evolutionary computing approach. When the metaheuristics 
creates a new individual, its vector is send to the simulation for 
fitness evaluation. 
For the robustness evaluation of the parameter, multiple 
replications of the individual have to be performed. The 
demands are assumed as underlying of a probability 
distribution. The number of replications to reach satisfying 
accuracy can be determined using common methods. 
Additionally, the demand distribution’s standard deviation 
coefficients may be changed to create a wider set of possible 
scenarios for the simulation, and therefore a more robust 
resulting solution. 
5. Conclusion & Outlook 
The goals of this paper are twofold. First, this paper argues 
for the importance of choosing the right parameters for 
flexibility measures. Since these parameters determine the 
utilization lead times, costs and additional capacities of a 
flexibility measure, they describe directly the speed and effort 
at which the supply chain can adapt to uncertainties. The 
optimization of robust parameters for flexibility measures 
support the flexibility management in such a way that the 
decision on parameters are based on a reasoned approach. This 
prevents costly changes of the flexibility configuration and 
ensures to provide enough flexibility potential. 
Second, a simulation-based optimization approach for the 
robust optimization of the flexibility parameters is proposed. 
This approach applies evolutionary metaheuristics, namely 
Particle Swarm Optimization and Genetic Algorithms and their 
combination. Promising solutions are exchanged in-between 
generations between the metaheuristics. The computational 
expensive evaluation of the simulation fitness function is 
parallelized for each applied metaheuristic to speed up the 
evaluation. 
In future, this concept should be fully implemented, tested 
and verified in case studies to evaluate the practical 
applicability. The focus could be on different flexibility 
measures, which can be optimized with this approach. 
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